ABSTRACT
INTRODUCTION
Apolipoprotein E (apoE) is essential for the metabolism of cholesterol and triglycerides. It is present in humans as three major isoforms (E2, E3 and E4), arising from three alleles ( ε 2, ε 3 and ε 4). The molecular basis of apoE polymorphism centers around cysteine-arginine interchanges at amino acid residues 112 and 158 of the protein (21) . These amino acid interchanges result from single-base changes of a thymine to a cytosine at the relevant position in the gene's coding region. This genetic variation plays a key role in regulating apoE-mediated metabolic events. Many studies have revealed a relationship between high plasma cholesterol levels, the apo ε 4 allele and coronary heart disease; and, recently, a strong association between the apo ε 4 allele and late-onset Alzheimer's disease was demonstrated (for review, see Reference 25) . As a consequence of its clinical importance, the demand for apoE polymorphism analysis is increasing, making a rapid and accurate assay essential.
The apoE isoforms can be identified on the basis of the global charge and/or of the molecular mass of the protein (phenotyping) by isoelectric focusing (IEF) or two-dimensional electrophoresis. However, these two methods may lead to misclassification of the apoE phenotype because of ( i ) interference from serum amyloid A or from apo AI [occurring in IEF (27) ]; ( ii ) posttranslational modifications of apoE, e.g., sialylation and nonenzymatic glycation (32) ; ( iii ) charge modifications due to amino acid substitutions of residues other than 112 and 158 (30) ; ( iv ) low plasma concentration of apoE4 (6) ; and ( v ) artifacts caused by prolonged storage of the sera (19) .
Given these limitations to phenotyping, several methods for the direct detection of nucleotide substitutions at the gene level have been developed. These new methods should be particulary suitable; since DNA is stable when stored at -80°C, genotyping can be performed retrospectively. After amplification of the apoE genomic sequence containing the polymorphic sites by polymerase chain reaction (PCR), various approaches are available for genotypic analysis. Automated sequence analysis of the PCR product and singlestrand conformation polymorphism (SSCP) can detect common but also rare nucleotide mutations; however, these methods are technically demanding and not suitable for laboratories working with large populations (28) . SSCP requires radiolabeled primers or tedious silver staining (1) and is vulnerable to minor variations in assay conditions (18) . Moreover, it seems that there is no clinical reason for the moment to identify more than the six common apoE genotypes in studies of apoE gene effects on cardiovascular or Alzheimer risks in the general population. The use of allele-specific oligonucleotide probes (ASO) is particularly sensitive for the genotypic analysis of common isoforms, but it requires isotopic labeling of the oligonucleotide probes (31) and requires tricky steps to be performed for the immobilization and hybridization of DNA fragments, which may lead to contamination (15) . Amplification refractory mutation system (ARMS) involves no hybridization with radiolabeled material; however, four PCRs must be performed for each sample (33) .
Hixson and Vernier (14) have described a restriction isotyping method for the investigation of common apoE alleles. The single-base cytosine-thymine interchanges in the apoE polymorphic DNA sequence lead to the appearance or the disappearance of the Hha I cleavage site, and the six common genotypes ( ε 2/2, ε 3/2, ε 2/4, ε 3/3, ε 3/4 and ε 4/4) are distinguishable by a unique combination of Hha I fragment sizes (Table 1) . Despite its specificity and simplicity, this method sometimes shows a relative lack of sensitivity and resolution, making the interpretation of the electropherograms ambiguous for some genotypes.
Here we describe a modification of Hixson and Vernier's method that overcomes these problems. We have separated the Hha I restriction fragments by capillary gel electrophoresis (CGE), which is a relatively new technique for DNA fragment analysis, and we have proved its high resolving power and high sensitivity for apoE genotyping.
MATERIALS AND METHODS

Preparation of Human Genomic DNA
DNA samples were obtained from peripheral blood of individuals coming to the Center for Preventive Medicine, Nancy, France for a routine health screening and who agreed to participate in a large cohort study. The STANIS -LAS cohort is composed of 1000 Caucasian families, each one with at least two children. Blood was collected in EDTA Vacutainers (Becton Dickinson Vacutainer Systems Europe, Meylan, France) and centrifuged at 1000 × gfor 10 min at room temperature for leukocyte isolation. Cells were frozen in liquid nitrogen until DNA extraction, which was performed by a salting-out procedure (20) . DNA concentration and purity were assessed by classical optical density analytical measurements (10).
Amplification of DNA by PCR and Endonuclease Digestion
PCR was performed according to Hixon and Vernier (14) . A 244-bp DNA fragment, encoding for amino acid residues 91-165 of the apoE protein, was amplified and then digested by Hha I.
ApoE Genotyping by Restriction Isotyping in Polyacrylamide Slab Gel
The digested PCR product was applied to an 8.8% polyacrylamide slab gel and electrophoresed for 3 h under 150 V in a Tris-borate-EDTA buffer. After electrophoresis, the gel was stained with ethidium bromide (EtdBr) for 15 min, and the fragments were visualized by UV excitation.
Analysis of the Hha I-Restriction Fragments by CGE and LaserInduced Fluorescence (LIF) Detection
Capillary electrophoresis instrumentation. CGE was performed on a Model 5510 P/ACE ™ Instrument (Beckman Instruments, Fullerton, CA, USA) in the reversed-polarity mode (a negative potential at the injection end of the capillary). It was associated with a LIF detector. An argon laser excitation light ( λ = 488 nm) was focused on the capillary window by means of a fiber-optic connection. A 520-nm band-pass filter was used for emission. We worked with a 47-cm total length (40 cm to detector) × 100 µ m i.d. coated, fused silica capillary (eCAP ™ds -DNA 1000 Coated Capillary; Beckman Instruments). The temperature of the capillary was set at 23°C. Data acquisition and post-run analysis were performed automatically using Gold ™ Software for Capillary Electrophoresis (Version 8.10; Beckman Instruments).
Capillary electrophoresis running buffer. The running buffer was a replaceable linear polymer network (eCAP dsDNA 1000 Gel Buffer; Beckman Instruments), a non-cross-linked polyacrylamide gel consisting of acrylamide (<0.1%); polyacrylamide (>75%); tris(hydroxymethyl) aminoethane (>10%); and boric acid (>5%). A monomeric fluorescent intercalating dye (LiFluor ™dsDNA 1000 EnhanCE; Beckman Instruments) was added to this buffer.
DNA sample analysis. The digested sample was electrokinetically injected at a negative polarity of 1 kV for 80 s. Before the electrokinetic injection, a small plug of diluted gel buffer and a small water plug were introduced into the capillary by low-pressure injection at 0.5 psi for 12 s. Because of this procedure, referred to in the text as a "stacking gel injection", we could inject the samples without desalting. Capillary electrophoresis runs were performed at 9.4 kV, and the capillary was rinsed with running buffer by high pressure for 3 min after each run.
RESULTS
Analysis of the Restriction Fragment by the Classical Method
We genotyped 4229 individuals in the STANISLAS cohort. The apoE genotype and allele frequencies are given in Table 2 . The ε 2/2 is the least frequent genotype. The allele ε 3 is the most frequent and ε 2 the least frequent allele. However, for some samples showing low concentration (<150 µ g/mL) and poor quality of DNA ( A 260 nm/ A 280 nm <1.0), the interpretation of the electropherograms in EtdBr-stained gel was equivocal. No problem was encountered for genotypes ε 2/4, ε 3/3, ε 3/4 and ε 4/4, but for 56 samples of genotypes ε 2/2 or ε 3/2, we had some difficulties in clearly defining their genotype. As seen in Figure 1 , the only difference between them was the small-sized fragments (48 and 33 bp), which were sometimes blurred or not detectable. Consequently, 613 individuals were supposed to be ε 3/2, and 26 were supposed to be ε 2/2.
Analysis of the Restriction Profile by CGE-LIF
Previously our group characterized each of the 6 common genotypes in 18 minutes by a specific electropherogram showing 5-8 peaks. All of the restriction fragments were resolved and clearly detected, even the smallest. The baseline resolution achieved was 2 bp between the 16-and 18-bp fragments. We observed only an apex resolution between the 18/19 bp couple in the homozygous ε 4/4 genotype. In the heterozygous ε 3/4 and ε 2/4 genotypes, the 2 fragments were not resolved and migrated in a single-shouldered peak (23) . The analysis of the molecular weight markers pBr322 dsDNA/ Hae III (Marker V; Boehringer Mannheim, Mannheim, Germany) and φ X174RF ds -DNA/ Hae III (eCAP dsDNA 1000 Test Mix; Beckman Instruments), revealed that our sieving system allowed excellent separation of fragments ranging from 8 to 1353 bp. A plot of migration times vs. base pair number showed a linear relationship only in the 20-500-bp size range. The baseline resolution decreased when the fragment length increased (2-3 bp in the 10-20-bp size range, 10 bp in the 200-300-bp size range and 50 bp in the 500-600-bp size range) (data not shown).
The capillary electrophoretic analysis for the 56 ambiguous samples of the STANISLAS cohort revealed that nine ε 2/2 identified in the slab gel were actually ε 3/2 and five ε 3/2 identified were actually ε 2/2 ( Table 2 ). These 14 misclassifications between the polyacrylamide slab gel and the CGE-LIF led to a frequency of 0.005 and 0.146, respectively, for the ε 2/2 and ε 3/2 genotypes. Nevertheless, neither order of appearance of the 6 genotypes nor allele frequency in the cohort was altered.
In CGE-LIF, the genotype ε 3/2 is distinguished from ε 2/2 by two criteria (Figure 2) . One criterion is the presence of the 48-and 33-bp fragments. The two corresponding peaks for the 48-and 33-bp fragments were identified by their absolute migration time (15.37 ± 3.5% and 14.84 ± 3.4%, respectively) or by their relative migration time (1.029 ± 0.3% and 0.994 ± 0.1%, respectively) ( Table 3) . We used the 38-bp fragment, common to the 6 genotypes, as a reference peak on which the migration time of the others was adjusted. The second criterion is the ratio of the 91-and 81-bp peak heights. In a homozygous ε 2/2 sample, the 91-bp peak was not much higher than the 81-bp peak (91/81 ca. 1.21 ± 0.12); however, in a heterozygous ε 3/2 sample, the ratio increased markedly (91/81 ca. 2.14 ± 0.33) ( Table 4) .
DISCUSSION
In many clinical laboratories, research is focused on the development of a reliable method for typing common apoE isoforms. Phenotypic analyses may alter the frequencies of apoE 738BioTechniques
Vol. 22, No. 4 (1997) alleles in epidemiological studies (13, 26) because of a relative lack of discriminative power and reliability. Consequently, direct apoE genotyping at the DNA level is often preferred. Hha I restriction isotyping, which can be performed in a single day (9) During our large-scale apoE genotyping, we were confronted with the problem of distinguishing between the ε 2/2 and the ε 3/2 electropherograms in 56 samples with low concentrations of DNA. The absence or presence of the 48-and 33-bp fragments was a deciding factor. Previously, Kontula et al. Research Repo r ts typing was first made by Baba et al. (3) . However, they detected only the largest 91-and 72-bp fragments thanks to their native UV absorbance at 260 nm. We have improved the capillary electrophoresis method considerably by using a LIF detector and a fluorescent dye.
The dye interacts better with doublestranded DNA than with single-stranded DNA because of a preferential base pair-to-dye ratio, and it shows a nearzero fluorescence unless bound to DNA. Consequently, it reduces interference by dNTPs and primers and leads to a much "cleaner" electropherogram than that achieved with UV detection. Moreover, the "stacking gel injection" (7) avoids interference by salts present in the PCR mixture, allowing us to prolong the injection time and thus lower the sensitivity limit (29). The LIF detection limit is about 10 -18 mol, which is comparable to radioactive detection (17) and 400 times more sensitive than UV detection (24) . By using a non-cross-linked medium containing the intercalating dye as sieving buffer and applying high voltage, we obtain a baseline resolution of 2 bp between the 16-and 18-bp fragments; sometimes, an apex resolution of 1 bp is attainable between the 18/19-bp fragment, as it is in the 123/124-bp couple of the Marker V. The intercalating dye, incorporated in the running buffer, provokes longer migration time of DNA fragments as the charge on the DNA becomes less negative, resulting in a reduction of electrophoretic mobility, but providing enhanced resolution (24) . Linear polyacrylamide network capillaries provide better resolution than slab cross-linked gel or gel-filled capillaries in a broader effective size range because of their flexible and larger effective pore structure (22) . However, in our system, fragments larger than 500 bp show a size-independent mobility, which is probably a consequence of the biased reputation due to the high electric field (11) . Dilution of the linear polyacrylamide solution could resolve this problem. As a matter of fact, Barron et al. (4, 5) have shown that there is no a priori upper size limit to DNA that can be separated efficiently by capillary gel electrophoresis using a high constant field in a very low viscosity entangled polymer solution. However, ultradiluted polymer solutions lead to a loss of resolution in the smaller fragment range. For us, it is more interesting to improve the sieving power in order to obtain a constant 1-bp baseline resolution in the 18/19-bp couple. This could be done ( i ) by increasing the viscosity of the medium, which can be manipulated by varying the chain length and the concentration of the polymer, or ( ii ) by compensating for the limited sieving power at low polyacrylamide concentration by increasing the effective length of the capillary (12) . In both cases, since overall migration time would increase, a compromise between speed and resolution power must be made. The 1-bp baseline resolution of the small restriction fragments is not essential for accurate apoE genotyping, since ε 4 is clearly characterized by the presence of the 72-bp fragment. Moreover, an advantage of our method is that it uses a commercial reagent kit, which makes it easily and readily applicable in others laboratories; optimization steps, a major drawback of procedures established with homemade reagents, are unnecessary.
To characterize unambiguously the 33-and 48-bp fragments, we corrected the run-to-run absolute migration time shifts (relative standard deviation [RSD] ca. 3.5%), due to the exchange of gel buffer or capillaries, by identifying these two peaks with their excellently reproducible relative migration time (RSD ≤ 0.3%). Moreover, the powerful software gives quantitative capacity to capillary electrophoresis instrumentation. It calculates the peak's height and area, which are proportional to the length and the concentration of the allele fragments (8) . In homozygous ε 2/2 samples, the 81-and 91-bp fragments are generated in the same proportion by endonuclease digestion.
By contrast, in heterozygous ε 3/2 samples, only the 91-bp fragment comes from the digestion of both alleles. So, the height of the 91-bp peak is nearly twice that of the 81-bp peak in the ε 3/2 genotype. The automatic calculation of the ratio 91-bp peak height:81-bp peak height is a new factor for distinguishing the two genotypes, which enhances the accuracy of the genotyping.
Thus, analysis of theHha I restriction fragments by CGE-LIF allows us to clearly identify the apoE genotype in low-concentrated DNA samples, for which UV detection after EtdBr staining was not reliable. We obtained a discrepancy rate of 25% between the results from CGE-LIF and from polyacrylamide gel electrophoresis. In the case of the healthy STANISLAS cohort population, ambiguous samples represented only 1.3% of the total samples and did not alter significantly the ε 3 or ε 2 allele frequencies. However, in pathological populations, it is often difficult to obtain sufficient material for DNA extraction. Misclassification of the rare ε 2 allele could occur more frequently and may mask factors determining apoE pathophysiology.
We can conclude here that apoEHha I restriction isotyping is a simple and accurate method for clinical studies when the restriction fragments are analyzed by CGE-LIF. It combines the high sensitivity of methods using radiolabeling with a high resolution and avoids direct operator exposure to UV illumination, radiolabeled materials and toxic reagents (e.g., polyacrylamide and EtdBr). Moreover, automation of the procedure and of numerical data analysis ensures excellent accuracy and reproducibility, which, to our knowledge, have never been achieved previously by other classical approaches to genotyping. For these reasons, CGE-LIF should gain wide acceptance in routine quality control-type applications.
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